Dopamine is a key neuromodulator in the retina and brain that supports motor, cognitive and visual function. Here, we developed a mouse model, on a C57 background, in which expression of the rate-limiting enzyme for dopamine synthesis, tyrosine hydroxylase, is specifically disrupted in the retina. This model enabled assessment of the overall role of retinal dopamine in vision using electrophysiological (electroretinogram), psychophysical (optokinetic tracking) and pharmacological techniques. Significant disruptions were observed in high-resolution, lightadapted vision caused by specific deficits in light responses, contrast sensitivity, acuity and circadian rhythms in this retinal dopamine-depleted mouse model. These global effects of retinal dopamine on vision are driven by the differential actions of dopamine D1 and D4 receptors on specific retinal functions and appear to be due to the ongoing bioavailability of dopamine, rather than developmental effects. Taken together, our data indicate that dopamine is necessary for the circadian nature of light-adapted vision, as well as optimal contrast detection and acuity.
Introduction
Dopamine is a key neurotransmitter that modulates the function of neural circuits supporting motor function, cognition and vision. It is synthesized and released from specific populations of neurons, which, in the central nervous system, are principally located in a number of different brain regions and in the retina. Dopaminergic neurons convert tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA) via tyrosine hydroxylase (TH) and L-DOPA to dopamine via aromatic L-amino acid decarboxylase. Secreted dopamine acts on target neurons and circuits through a family of G-protein coupled receptors, which comprise two sub-families, D1-like (D1, D5) and D2-like (D2, D3, and D4) receptors that are positively and negatively linked to adenylyl cyclase, respectively. Dysfunction of dopaminergic signaling in these pathways, or depletion of dopamine due to degeneration of dopaminergic neurons, is associated with mood disorders, cognitive defects, schizophrenia and parkinsonism (Diehl and Gershon, 1992; Kulisevsky, 2000; Snyder, 1976; Taylor et al., 2009 ).
In the retina, dopamine synthesis and release are regulated by both light input and the retinal circadian clock, such that dopamine utilization is higher during light exposure and/or in the day (Doyle et al., 2002; Iuvone et al., 1978) , suggesting that dopamine may mediate lightadaptive mechanisms and day-phase circadian processes in retinal function. Although much is known about the cellular and synaptic effects of dopamine in the retina, where it has been shown to modulate electrical coupling through gap junctions, transmission through glutamate and GABA receptors, voltage-gated ion channels, cAMP metabolism and melatonin synthesis (Iuvone et al., 2005; Witkovsky, 2004) ; the overall effects of retinal dopamine on vision have not been elucidated. Disturbances in contrast sensitivity, visualevoked potentials and electroretinographic responses, and visual memory have all been documented in dopaminergic syndromes such as schizophrenia, addiction and parkinsonism; however, in these conditions both brain and retinal dopamine are likely affected so it is not clear whether the observed effects on vision are central or retinal (Bodis-Wollner, 1990b; Lorea et al., 2010; Masson et al., 1993) . Similarly, a limitation of studies manipulating retinal dopamine in animal models or in vitro occur on the background of endogenous retinal dopamine levels (Bodis-Wollner, 1990a ).
To investigate the overall role of retinal dopamine in vision, we have produced a mouse model in which the expression of TH is selectively disrupted in the retina, but conserved in the brain, resulting in retina-specific dopamine deficiency. These mice exhibit deficits in light-adapted electroretinographic (ERG) responses, contrast sensitivity, acuity and retinal circadian rhythms; specific subsets of which can be mimicked by either dopamine D1 or D4 receptor (D1R, D4R) knockout mice and rescued by specific D1R or D4R agonists. Thus, dopamine mediates multiple facets of light-adapted vision through two distinct dopaminergic receptor signaling pathways. Differential signaling that engages multiple dopamine receptor pathways also occurs in brain nuclei targeted by dopamine for motor function and reward, the striatum and nucleus accumbens (Day et al., 2008; Ikemoto et al., 1997) , suggesting that parallel receptor signaling is a general feature of dopaminergic modulation of complex circuits in the central nervous system.
Materials and Methods

Generation of Conditional Th Mice
A loxP site was inserted into the BsaB1 site located ~600 bp 5′ of the transcription start site of the Th gene. Another loxP site and a Frt-flanked SvNeo selectable gene were inserted into the Kpn1 site in the first intron of the Th gene. The targeting construct had ~12 kb of 5′ flanking sequence and 7 kb of 3′ flanking sequence as well as a Pgk-DTA gene for negative selection. Linearized DNA was electroporated into AB1 embryonic stem cells. Correctly targeted events (~20% of total) were detected by Southern blot of EcoR1-digested DNA using a probe just 3′ of the short arm of the targeting construct. One clone transmitted the targeted allele through the germline. Mice bearing the targeted allele were bred with FLPer mice expressing the FLIP recombinase (Farley et al., 2000) to remove the Frt-SvNeo cassette. After removing the FLPer gene, the mice were backcrossed to C57Bl/6 mice for multiple generations producing male and female experimental animals. All animal protocols were accordant with the guidelines established by the University of Washington Animal Care Committee, Emory University's Institutional Animal Care and Use Committee, Vanderbilt University Animal Care Division, and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Two PCR primers (a and b) were used for routine genotyping of the conditional allele, which amplify 150 bp region for the wild-type Th allele and 200 bp region for the Th lox/lox allele. To distinguish wild-type (Th +/+ ), hemizygous (Th lox/+ ) and homozygous mice (Th lox/lox ), PCR genotyping of DNA extracted from mouse tails were performed using primers a and c, which yield a single ~1000 bp band for Th lox/lox mice, a single ~900 bp band for Th +/+ mice , and two bands for Th lox/+ mice. Primer sequences: a, 5′-GTTGCAGGCTGTGTCTTC-3′; b, 5′-CCAGTGTATGTGCTGGCAC-3′; c, 5′-GGACCCACAGAAGCCTGGCA -3′. The PCR reaction was first incubated at 98° C for 2 min, followed by 32 cycles of 98°C for 30 s, 56°C for 30 s and 72°C for 1 min.
Generation of Retina-specific Th Knockout Mice
Chx10-Cre mice purchased from The Jackson Laboratories (Bar Harbor, ME) were crossed with conditional Th mice to obtain Th lox/lox mice that carry a no copy or a single copy of the Chx10-Cre gene and mice that carry one (Th lox/+ ) or two (Th lox/lox ) alleles. These transgenic mice express Cre recombinase under the control of the Chx10 promoter which is expressed in all retinal neural progenitor cells (Graw, 1996) . PCR genotyping for the Chx10-Cre transgene was performed using multiplex PCR and primers 5′-GCCTAGCCGAGGGAGAGCCG-3′ and 5′-TGTGACTTGGGAGCTCTGCAGC-3′, which amplify 155 bp region for the wild-type Chx10 allele; 5′-GGGCACCTGGGACCAACTTCACGA-3′ and 5′-CGGCGGCGGTCACGAACTCC-3′, which amplify ~750 bp for the Chx10-Cre allele (Rowan and Cepko, 2004) . The PCR reaction was first incubated at 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 69°C for 1 min and 72°C for 1 min. Dopamine, 3,4-Dihydroxyphenylacetic acid (DOPAC), and norepinephrine were measured in retina and brain of the different genotypes by highperformance liquid chromatography with coulometric detection, as previously described (Pozdeyev et al., 2008) . Dopamine D1, D4, and D5 knockout mice (D1RKO, D4RKO, D5RKO) D1RKO mice were purchased from The Jackson Laboratories (Bar Harbor, ME), and maintained on the C57Bl6 background. Genotypes were confirmed by PCR analysis, using minor variants of published methods (Stanwood et al., 2005) and the following primers: 1) 5′-AAAGTTCCT TTAAGATGTCCT-3′; 2) 5′-TGGTGGCTGGAAAACATCAGA-3′ (used to detect D1 WT band and Neo insert). D4RKO mice (Rubinstein et al., 1997) were genotyped using the following primers: 5′-CATGGACGTCATGCTGTGCA-3′ and 2) 5′-CGGACGAGTAGACCA CATAG-3′ (used to detect WT band). Primer 2 and 3) Neo: 5′-GCCCGGTTCTTTTTGTCAAG-3′(used to detect Neo insert). D5RKO mice were also purchased from The Jackson Laboratories (Bar Harbor, ME) and genotypes were determined by PCR using the following primers sets: 1) 5′-ACTCTCTTAATCGTCTGGACCTGG-3′ (also used for KO band); 2) 5′-GGAGGAGATACGGCGGATCTGAAC-3′ (used to detect WT band). 3)5′-TGATCAACTAGT GCCCGGGCGGTA-3′ (used with 1 st primer to detect D5KO band).
Electroretinography
Dark-and light-adapted ERG recordings were performed as previously described (Cameron et al., 2008a,b) with minor modifications. All mice were tested in the LKC Technologies' UTAS visual electrodiagnostic test system (LKC Technologies; Gaithersburg, MD). Prior to testing mice were housed on a 12 hr light/dark cycle and dark adapted according to their particular testing condition. Mice were anesthetized with an intraperitoneal injection of ketamine (70 mg/kg) and xylazine (7 mg/kg) and their pupils dilated with 1% tropicamide and 1% cyclopentolate. Their eyes were kept moist with 10% methylcellulose eye drops. Core body temperature was maintained at −37.0°C using a thermostatically-controlled heating pad regulated by a rectal temperature probe (Model TC-1000 Temperature Controller, CWE Inc., USA). Needle electrodes placed in the cheek and the tail served as reference and ground leads, respectively. A DTL fiber or platinum contact lens electrodes were used for the recording ERG responses. Dark-adapted ERG responses were differentially amplified and filtered (bandwidth: 0.3 -500 Hz), with responses digitized at 1,024 Hz. The recording epoch was 250 ms, with a 20-ms pre-stimulation baseline. Stimulus flashes were presented in a LKC BigShot ganzfeld (LKC Technologies, Gaithersburg, MD). A total of 14 stimulus intensities, ranging from −3.60 to 1.37 log cd*s/m 2 , were used under dark-adapted conditions. Each flash duration was 20 μs and stimuli were presented in order of increasing intensity. As flash intensity increased, retinal dark adaptation was maintained by increasing the inter-stimulus interval from 10 to 100 s.
Prior to light-adapted testing one flash of light under dark-adapted conditions was given to access the animal for a normal retinal response (normal a-and b-wave; mice that exhibited abnormal responses were excluded from the experiment). For light-adapted ERGs a steady background adapting field (40 cd/m 2 ) was presented inside the UTAS BigShot ganzfeld to saturate the rod photoreceptors. Simultaneously, 0.90 log cd*s/m 2 bright light flashes were presented at 0.75 Hz during a 20-min period of light adaptation. Data was collected in 2.6-min averaged bins, totaling eight bins. All other test parameters were similar to the darkadapted ERG. The a-and b-wave amplitudes and implicit times were analyzed offline. ERG waveforms were filtered (low pass 60 Hz) to remove the influence of oscillatory potentials. The amplitude of the a-wave was measured from the prestimulus baseline to trough and that of the b-wave from the trough of the a-wave to peak of the b-wave. The implicit times were measured from flash onset to the peak of each wave.
Treatment with L-3,4-dihyhroxphenylalanine (L-DOPA)
L-DOPA (1 mg/ml) was administered in drinking water containing 0.25% ascorbic acid in applicable experiments. Solutions were prepared fresh daily and shielded from light. Pregnant and nursing dams had ad libitum access to L-DOPA/ascorbate or to ascorbate alone as a vehicle control. After weaning, pups continued to receive L-DOPA and ascorbate for 1.5-2.5 months. Some mice were subsequently withdrawn from L-DOPA for 1 month prior to testing.
Retinal Bioluminescence Measurements
Chx10-Cre:Th lox/lox mice were crossed with mice harboring the Per2 Luc reporter gene (Yoo et al., 2004) ; gift from Dr. J. Takahashi, UT Southwestern) to assess what role dopamine plays in maintaining retinal circadian rhythms. In Per2 Luc knockin mouse, luciferase expression mediated by the Period 2 gene promoter, is an indicator of core circadian clock functioning, and is robustly rhythmic in the mouse retina. After breeding, we obtained Chx10-Cre:Th lox/+ , Chx10-Cre:Th lox/lox , and Th lox/lox mice all containing one allelic copy of the Per2 Luc gene reporter. Mouse genotypes were determined by using PCR (Per2 Luc genotyping; Primer 1: 5′CTGTGTTTACTGCGCGAGT3′, Primer 2: 5′GGGTCCATGTGATTAGAAAC3′, Primer 3: 5′TAAAACCGGGAGGTAGATGAGA3′; knockin band at 680 bp, WT band at 229 bp; Temperature cycles:
Step 1 -94 °C 7:30 min, Step 2 -94 °C for 1:00 min, Step 3 -55 °C 1:00min, Step 4 -72 °C for 1:00 min (35X cycles between Step 1 and 4), Step 5 -72 °C for 15:00 min, Step 6 -Hold at 4 °C).
Retinal explant culture and bioluminescence measurements were performed as previously described . Two-month-old mice were euthanized at approximately 4 hr after lights on in the mouse colony. Eyes were enucleated and placed in Hank's balanced salt solution (HBSS; Invitrogen). Retinas were isolated and each retina was cut into two pieces. Each piece of retina was placed, ganglion cell layer up, on Millicell culture membrane (Millipore) and gently flattened. The membrane, along with the retinal culture, were first transferred to 1.0 ml of Neurobasal medium (Invitrogen) supplemented with 2 mM L-glutamine (Sigma-Aldrich), 2% B27 (Invitrogen), 25 units/ml penicillin, and 25 μg/ ml streptomycin (Invitrogen). After 24 hr incubation in a humidified incubator at 37 °C and 5% CO2, the membrane and retinal culture were transferred to 1.0 ml of Medium 199 (Sigma-Aldrich) supplemented with 0.7 mM L-glutamine, 4 mM sodium bicarbonate (Sigma-Aldrich), 10 mM HEPES (Sigma-Aldrich), 20 mM D-glucose (Sigma-Aldrich), 2% B27, 0.1 mM beetle luciferin (Promega), 25 units/ml penicillin, and 25 μg/ml streptomycin. Bioluminescence from the retinal explant cultures were then measured with a LumiCycle (Actimetrics, Wilmette, IL).
Visual Psychophysical Testing
Ctrl, rTHKO, D1RKO, D4RKO, D5RKO mice and WT controls were all tested for visual behavior analysis (acuity threshold and contrast sensitivity) in the Optomotry device (Prusky et al., 2004) ; Cerebral Mechanics, Inc.). As described in Prusky et al., 2004 , mice were placed on a platform in the Optomotry, without movement restriction. Through a video feed the observer tracked the reflexive head movements of the mouse in response to a rotating sine-wave gradient projected by four LCD monitors surrounding the platform. Tracking was defined as when head movements tracked in the same direction and speed as the rotation of the sine-wave gradient. Visual acuity threshold was measured using a staircase method with random/separate display of spatial frequencies and rotation direction, respectively, of the sinusoidal gradient. This procedure automatically increased the spatial frequency of the sinewave gradient until the observer could no longer determine head-tracking movements. This spatial frequency was deemed the animal's visual acuity threshold.
Similarly, contrast sensitivity was measured by observation of head tracking movements to a sine-wave gradient; however, the black and white gradients were systematically reduced from 100% contrast until animal head tracking movements were no longer observed. The last contrast level where the animal could track was deemed its contrast sensitivity threshold. As in Prusky et al. 2004 , we measured contrast sensitivity threshold at six spatial frequencies (0.031, 0.064, 0.092, 0.103, 0.192, 0.272 cycles/degree). The contrast sensitivity was calculated using a Michelson contrast from the screen's luminance (maximumminimum)/ (maximum + minimum) as previous (Prusky et al., 2006) .
Statistical Analyses
For analysis of the HPLC results of retinal dopamine levels, a one-way ANOVA was used, with Fisher's Least Significant Difference (LSD) test for post hoc comparisons. For analysis of the TH-positive cell counts, the variances among groups were not equal as indicated by a significant Levene's test; therefore, a nonparametric Kruskal-Wallis test followed by Dunnett's T3 post hoc test for unequal variances were used.
ERG data were analyzed with a three-way linear mixed model (Genotype X Circadian Time X Intensity, or Genotype X Circadian Time X Light Adaptation Time) with repeated measures on Intensity or Time during light adaptation, utilizing a first-order autoregressive covariance structure depending on experimental conditions. For post-hoc comparison of the interactions, planned comparisons of circadian time within each genotype at each time of adaptation were made with independent samples or paired t tests (as appropriate) and a Bonferroni-corrected alpha. For all other tests, alpha = 0.05. Visual acuity and contrast sensitivity tests were analyzed using a One-, Two-, and Two-Way with repeated measures ANOVAs where applicable depending on genotypes and treatments. Post-hoc comparisons of interactions were preformed with the Student-Newman-Kuels Method. Significance levels were set a p = 0.05.
Results
Retina-Specific Depletion of Dopamine
We generated a mouse line harboring a conditional allele of tyrosine hydroxylase (Th), the rate-limiting enzyme in DA synthesis. This floxed Th allele is subject to excision using the Cre/loxP recombination system (Abremski and Hoess, 1984; Hamilton and Abremski, 1984; Orban et al., 1992) , with loxP sites flanking the promoter and first exon of the Th gene ( Figure 1A ). To achieve retina-specific Th excision, we crossed conditional Th mice (Th lox/lox ) with Chx10-Cre mice, which express Cre recombinase in retinal neural progenitor cells (Rowan and Cepko, 2004) , and then bred the resulting Chx10-Cre:Th lox/+ mice with each other to obtain the following genotypes: Th +/+ , Th lox/+ , and Th lox/lox mice, with or without Chx10-Cre. Genotypes indicated as Cre positive carried a single copy of the Chx10-Cre gene and either no floxed Th alleles (Th +/+ , wild-type), one floxed and one wild-type Th allele (Th lox/+ , hemizygous), or two floxed Th alleles (Th lox/lox , homozygous). Mice were maintained on a C57/BL/6 background.
Retinal DA levels measured with high performance liquid chromatograph (HPLC) revealed no significant difference between Chx10-Cre-null Th lox/lox and Chx10-Cre:Th lox/+ mice, whereas DA levels in retinas from Chx10-Cre:Th lox/lox mice in which both Th alleles were subject to excision were reduced by approximately 90% ( Figure 1B ; ***p < 0.001 for both). Consistent with the HPLC data, there was no significant difference between Th lox/lox and Chx10-Cre:Th lox/+ mice in the number of retinal TH-positive cells measured by immunohistochemisty, while TH-positive cell counts in Chx10-Cre :Th lox/lox retinas were reduced by approximately 90% ( Figure 1C ; ***p < 0.01 for both). While retinal dopamine was markedly reduced, brain dopamine, DOPAC, and norepinephrine levels were preserved in Chx10-Cre:Th lox/lox mice ( Figure 1D ). In addition Chx10-Cre :Th lox/lox mice were indistinguishable from Th lox/lox mice in body weight and gross behavior (data not shown).
Together, these results indicate that there is retina-specific depletion of dopamine and its synthetic enzyme TH in Chx10-Cre:Th lox/lox mice. Hereafter in the Results and Discussion Th +/+ , Th lox/lox and Chx10-Cre:Th lox/+ mice will be referred to as Control (Ctrl), while Chx10-Cre:Th lox/lox mice will be referred to as retinal Tyrosine Hydroxylase Knockouts (rTHKO).
Dopamine Depletion Blunts Rhythmic Light-Adapted ERG, Contrast Sensitivity and Acuity
We assessed the effects of retina-specific dopamine depletion on retinal function and vision using: (a) the electroretinogram (ERG) to measure overall retinal electrical activity in response to light, and (b) optokinetic tracking (OKT) based on the optokinetic reflex (Prusky et al., 2004) to measure visual contrast sensitivity and acuity threshold. The positive b-wave of the ERG recorded under photoptic (light-adapted) conditions is regulated by the retinal circadian clock (Barnard et al., 2006; Cameron et al., 2008b; Storch et al., 2007) ; thus, we assayed the ERG over circadian time (CT) in animals maintained in constant darkness (DD). Dark-adapted ERG intensity-response curves were recorded on the second day in constant darkness (DD2) following 42 or 54 h of dark adaptation, where mice were presented with light flashes of increasing intensity on a completely dark background. This particular test measures overall retinal electrical function, mainly assessing the rod and cone photoreceptors and ON-biopolar cell responses to flashes of increasing light intensity. The recording times correspond to midday and midnight during the light cycle on which the mice had been maintained prior to entry into DD and are designated as CT6 and CT18, respectively. Dark-adapted a-and b-wave amplitudes (Figure 2A and 2B ) and implicit times (data not shown) in rTHKO mice were not significantly different from those of controls. In agreement with previous results (Cameron et al., 2008a) , there was no evidence of circadian modulation of the dark-adapted ERG in either genotype at their respective recording time points (Figure 2A In contrast to the dark-adapted ERG, the light-adapted ERG showed circadian regulation that was reduced in amplitude in retinal dopamine-deficient mice ( Figure 3A and 3B) . In this test light-adapted ERGs assessed the retinas ability to adapt to a change in background illumination, indicative of the transition from night to day-time vision. Light-adapted ERGs were obtained in the presence of rod-saturating, light-adapting background illumination from Ctrl and rTHKO mice at CT6 and CT18 on the first and second day in DD (DD1 and DD2; dark-adaptation times of 18, 30, 42 and 54 h). Both Ctrl and rTHKO mice exhibited circadian regulation of the ERG during DD1, displaying significantly elevated light-adapted b-wave amplitudes during mid-subjective day (CT6) vs. mid-subjective night (CT18) ( Figure 3A , p < 0.01). However, the overall light-adapted b-wave amplitudes of rTHKO mice were significantly reduced and the amplitude of the day/night rhythm was damped compared to Ctrl mice during DD1 ( Figure 3A ; Ctrls vs. rTHKO, p < 0.007 at each level of light adaptation time, Bonferroni-corrected alpha). Light-adapted ERGs during DD2 exhibited significant main effects of Adaptation Time, Genotype, and CT ( Figure 3B ; p < 0.01, p < 0.01, and p <0.05, respectively). During DD2, Ctrl mice continued to show circadian regulation of the light-adapted b-wave, with elevated response amplitude at CT 6 vs. CT 18 ( Figure 3B ; p < 0.025, Bonferroni-corrected alpha); in contrast, circadian regulation of the ERG was abolished in rTHKO mice during DD2, with these mice exhibiting significantly lower amplitude responses at both CT6 and CT18, as compared to circadian night responses observed at CT18 in the Ctrls ( Figure 3B ; p > 0.025, Bonferronicorrected alpha). These findings show that mice lacking retinal DA were unable to maintain the circadian rhythm of the light-adapted b-wave amplitude with specific loss of the dayphase elevation in response amplitude. It was also noted that while the light-adapted b-wave circadian rhythm was disrupted in rTHKO mice, the ERG still displayed adaptation to the background light stimulus, exhibiting increases in amplitude with time in the background light similar to the ERG of control mice. There were no significant effects of genotype or of circadian time on b-wave implicit times during DD1or DD2 (data not shown).
To further examine the effects of retinal dopamine depletion on vision, we used OKT of a rotating sine-wave gradient with varying contrast or spatial frequency to assess contrast sensitivity and visual acuity threshold (Prusky et al., 2004) . Spatial contrast sensitivity functions (CSFs), measuring contrast sensitivity, were significantly reduced in rTHKO mice at three of the six tested spatial frequencies when compared with Ctrl mice ( Figure 4A ; **p < 0.001 at 0.064, 0.092, and 0.103 cycles/degree). Thus, contrast sensitivity is significantly reduced when retinal dopamine is depleted. Visual acuity thresholds were also measured for these genotypes and acuity was significantly reduced (−8.0%) in rTHKO mice when compared with Ctrl mice ( Figure 4B ; *p < 0.05).
The loss of circadian regulation of the light-adapted ERG observed in dopamine-deficient retinas could be due to stoppage of the retinal circadian clock (Storch et al., 2007) , or due to retention of clock function but loss of synchrony or communication from the clock to retinal cell populations . To test if genetic dopamine depletion had stopped or altered molecular circadian rhythms in the retina, we crossed the conditional Th mouse lines with Per2 Luc circadian reporter mice (Yoo et al., 2004) and then assayed for molecular circadian rhythms in retinal explants by bioluminescence using our previously established methods . Retinal explants from rTHKO:Per2 Luc mice exhibited robust circadian rhythms in bioluminescence similar to Ctrl:Per2 Luc mice ( Figure 5 ). This result indicates that retinal circadian rhythms at the molecular level are intact in these chronically dopamine depleted retinas, as they are in retinas acutely depleted of dopamine by pharmacological treatments , and suggests that the loss of circadian regulation of the ERG in the absence of dopamine is due to altered coupling of retinal oscillators or altered coupling of oscillators to functional rhythms, not to loss of rhythmicity itself.
Effects of Retinal TH Deficiency Are Rescued by L-DOPA Treatment
The Chx10-Cre transgene is expressed in retinal neural progenitors early in retinal development (Rowan and Cepko, 2004) , therefore, the visual effects observed in adult rTHKO mice could be due to the reduced concentration of retinal dopamine at the time of measurement, or due to altered retinal development in the absence of dopamine. To differentiate between these possibilities we restored the ability of rTHKO mice to synthesize retinal dopamine by providing L-DOPA (1 mg/ml; the product of TH enzymatic activity and proximal substrate for dopamine synthesis) in the drinking water (containing 0.25% ascorbate) of pregnant and nursing dams, and of weaned mice. The offspring were tested for light-adapted ERG, CSF and visual acuity threshold as mentioned above, while mice were either maintained on or removed from L-DOPA treatment. A second cohort of rTHKO mice received ascorbate vehicle in their drinking water as a control. For light-adapted ERG analysis, three-way ANOVA revealed significant main effects of Light Adaptation Time, Treatment type, and CT, as well as a significant Treatment X CT interaction (Figure 6A and 6B; p < 0.01 for each main effect and the interaction). Post hoc analysis revealed that the rTHKO L-DOPA treated group had significant day/night differences in their light-adapted ERG responses between CT6 and CT18 in DD2 (Figure 6A and 6B; p = 0.005), but did not increase the amplitude of the day-phase ERG sufficiently to fully restore the light-adapted ERG rhythmic amplitude level in rTHKO mice ( Figure 6A ; p = 0.004, Bonferroni-corrected alpha) to Ctrl levels. This could be due to mice drinking more water (containing L-DOPA) during the subjective night hours when they are more active. rTHKO L-DOPA treated mice displayed significant increases in their light-adapted b-wave amplitude at CT18 when compared with the rTHKO ascorbate treated group ( Figure 6B ; p < 0.004). In addition, L-DOPA treatment prevented the loss of contrast sensitivity ( Figure 6C ; *p < 0.001) and visual acuity threshold ( Figure 6D ; *p < 0.05) in rTHKO mice. In all instances withdrawal of L-DOPA caused light-adapted ERG, CSF and acuity thresholds to return to the level of ascorbate-treated controls (Figure 6A and 6B and Figure 4A and 4B) . These data suggest that the visual effects observed in rTHKO mice are primarily mediated by the bioavailability of dopamine at the time of measurement rather than by altered development. They do not, however, preclude developmental effects of retinal dopamine not assayed by our tests.
Differential Actions of Dopamine on Vision through Dopamine D1 and D4 Receptors
In the mouse retina DA exerts its actions through four (D1, D2, D4, D5) of the five mammalian DA receptor subtypes . To investigate the receptor mechanisms underlying the visual actions of dopamine we tested dopamine D 1 , D 4 , and D 5 receptor knockout mice (D1RKO, D4RKO, D5RKO) for deficits in light-adapted ERG, CSF and visual acuity threshold. D5RKO mice were equivalent to control mice in their lightadapted ERG regulation, CSFs and visual acuity (data not shown); however, D4RKO and D1RKO mice exhibited specific and distinct visual deficits.
During DD1, the overall light-adapted ERG was significantly reduced in D4RKO mice when compared to wild type (WT) control mice ( Figure 7A ; Genotype main effect; p < 0.01). Moreover, circadian regulation of the light-adapted ERG in D4RKO mice was abolished by DD2 ( Figure 7B ; Genotype X CT interaction; p < 0.01), with day-phase CT6 amplitudes reduced to night-phase CT18 levels. In contrast to D4RKO mice, light-adapted ERG circadian regulation in D1RKO mice was similar to WT mice during DD2 ( Figure 7C) , with elevated b-wave amplitudes at CT6. However, while the rhythm was intact, the baseline amplitude of the light-adapted ERG was reduced in D1RKO mice, in agreement with recently published data (Herrmann et al., 2011) . These data suggest that specific activation of the D4 receptor is necessary for circadian regulation of the light-adapted ERG. To test whether activation of D4 receptors is sufficient for circadian light-adapted ERG regulation, rTHKO mice were injected at subjective dawn on DD1 and DD2 with the selective D4 receptor agonist PD168077 (2 mg/kg; i.p. injection) and, subsequently, lightadapted ERGs were recorded. PD168077 restored circadian regulation of the light-adapted b-wave during DD2 by increasing response amplitude at CT6 compared to rTHKO saline treated controls ( Figure 7D ; Treatment X CT interaction, p < 0.05; CT6 vs. CT18, rTHKO PD168077-treated, p < 0.001; rTHKO saline treated, p = 0.89). D4RKO mice exhibited significantly lower CSF levels compared to WT controls over multiple spatial frequencies ( Figure 8A ; *p < 0.001 at 0.031, 0.064, 0.092, 0.103, 0.192 cycles/degree, respectively and *p = 0.038 at 0.272 cycles/degree). Conversely, D1RKO mice showed no deficits in their CSFs, and in fact showed small increases of contrast sensitivity at high spatial frequencies compared with control mice ( Figure 8B ; *p < 0.05). Treatment of rTHKO mice with PD168077 (1 mg/kg; i.p. injection) restored contrast sensitivity levels compared with rTHKO saline-treated controls ( Figure 8C ; *p <0.001 at 0.064, 0.92, 0.103 cycles/degree). CSFs in rTHKO mice treated with PD168077 were similar to the Ctrl saline group. D1RKO mice exhibited significantly lower visual acuity threshold ( Figure 8D ; *p < 0.05), while D4RKO mice showed spatial resolution thresholds similar to WT mice. Treatment of rTHKO mice with the D1 receptor agonist SKF38393 (1 mg/kg; i.p. injection) rescued visual acuity ( Figure 8D ; **p < 0.001). Interestingly, treatment of rTHKO mice with PD168077 had no effect on visual acuity threshold and treatment with SKF38393 had no effect on contrast sensitivity, further demonstrating the receptor specificity of these pathways ( Figure 8C and 8D) . Taken together, these data suggest that dopamine D1 and D4 receptors differentially regulate distinct actions of dopamine on retinal function, with activation of D1 receptors being necessary and sufficient to maintain high spatial resolution, and activation of D4 receptors being necessary to maintain high day-time amplitudes of the light-adapted ERG and contrast sensitivity.
Discussion
Here, we developed a mouse model in which tyrosine hydroxylase is specifically disrupted in the retina, resulting in retina-specific dopamine depletion. We used non-invasive electrophysiological and psychophysical techniques in intact mice to assess the overall role of retinal dopamine in vision and found that retinal dopamine is necessary for highresolution, light-adapted vision, mediated through dopamine D1 and D4 receptors.
Retinal Dopamine Supports Multiple Dimensions of Light-Adapted Vision
Light-adapted vision is mediated by the cone system of the retina and in the natural environment occurs during the light of the day when high luminance and high contrast provide the basis for high-resolution vision. Our results indicate that dopamine reconfigures the retina for day-time vision enhancing contrast sensitivity and high-spatial resolution. While dark-adapted ERGs were normal in rTHKO mice, light-adapted ERGs were reduced in amplitude and their circadian regulation disrupted by reduction of day-time b-wave amplitudes to night-time levels. Also, CSF and visual acuity thresholds were degraded in rTHKO mice.
Retinal dopamine signaling is elevated in the circadian day, either as a consequence of rhythmic dopamine secretion driven by the retinal circadian clock (Witkovsky, 2004) , or as a result of diurnal or circadian rhythms in dopamine D4 receptor gene expression (Bai et al., 2008; Jackson et al., 2011; Klitten et al., 2008; Storch et al., 2007) . In the light/dark cycles, light-induced dopamine utilization would also enhance dopamine signaling during the day (Witkovsky, 2004) .
Dopamine D4 Receptors Regulate Light-adapted ERG Rhythms and Contrast Sensitivity
The D4 receptor regulates the b-wave amplitude and the circadian rhythmicity of the lightadapted ERG and CSF, but does not appear to impact acuity. Dopamine has been previously shown to act through D4 receptors to drive retinal rhythms in cAMP metabolism and adenylyl cyclase gene expression (Jackson et al., 2011) . Here we have shown that the dopamine D4 receptor signaling pathway is necessary and sufficient to connect retinal circadian regulation to key aspects of retinal function and to promote the day-time elevation of the light-adapted ERG, while also regulating contrast responses. Interestingly, full loss of light-adapted b-wave amplitude and its circadian regulation does not occur until the second day in constant darkness in rTHKO mice. However, low levels of dopamine and numbers of TH-expressing cells in rTHKO mouse retinas, suggests the possibility that some residual dopamine signaling could be retained in rTHKO mouse retinas. The residual dopamine could be due to either incomplete action of Chx10-Cre in all retinal cells or availability of L-DOPA provided by tyrosinase (Rios et al., 1999) . The amplitudes of dopamine and D4 receptor expression rhythms in mouse retina are highest in LD cycles and decline in DD (Doyle et al., 2002; Jackson et al., 2011) . Thus, the time course of loss of circadian regulation by D4 receptor signaling observed may reflect either the time course of loss of synchrony in retinal cell populations proposed to be coupled by D4 receptors (Jackson et al., 2011) , or the time course of decline in residual dopamine signaling connecting the retinal circadian clock to the light-adapted ERG. D2 receptor knockout mice show compromised retinal circadian molecular rhythms and circadian light responses (Yujnovsky et al., 2006) . Although we do not exclude a role for D2 receptors in the visual processes we have measured, our data indicate that the full effects of dopamine depletion can be accounted for by D4 and D1 receptor mechanisms. rTHKO mice showed loss of circadian light-adapted ERG regulation similar to cryptochrome 1 and 2 knockout mice (Cry 1 −/− Cry2 −/− ), retinal-specific Bmal1 knockout mice, and melanopsin knockout mice (Barnard et al., 2006; Cameron et al., 2008a; Storch et al., 2007) . Cry 1 −/− Cry2 −/− and Bmal1 knockout mice lack functional retinal circadian clocks (Cameron et al., 2008a; Storch et al., 2007) in contrast to rTHKO mice and melanopsin knockout mice (unpublished observations) in which retinal molecular circadian rhythms are still intact. Moreover, melanopsin-expressing intrinsically photoreceptive retinal ganglion cells provide excitatory drive to DA neurons in a novel intra-retinal retrograde signaling pathway (Zhang et al., 2008) . Thus, in melanopsin knockout mice there may be disruption of light input from intrinsically photosensitive retinal ganglion cells to dopaminergic amacrine cells leading to loss of dopamine output or circadian synchronization among DA neurons.
Dopamine D1 Receptors Support High Spatial Resolution and High Amplitude LightAdapted ERGs
Dopamine acting through D1 receptors is necessary and sufficient to maintain retinal spatial resolution, but interruption of D1 receptor signaling did not impact circadian regulation of the light-adapted ERG. The lack of impact of D1 receptor signaling on circadian regulation of retinal function is in agreement with previous findings demonstrating that D1 receptordependent regulation of horizontal cell gap junctional coupling is not circadian-regulated, but requires light-induced dopamine release, whereas photoreceptor gap junction coupling, which is mediated by D2-like family receptors, is circadian-regulated ( Ribelayga et al., 2008; Ribelayga and Mangel, 2003) .
The reduction in the baseline of the D1RKO light-adapted ERG data supports recent findings showing DA acts through D1 receptors affecting GABA release, elevating the ONbipolar cell response in the presence of background illumination (Herrmann et al., 2011) . Circadian regulation of the light-adapted ERG is, however, still intact in D1RKO mice. Thus, with respect to their effects on retinal light responses, both D4 and D1 receptors act to increase the amplitude of the light-adapted ERG b-wave, with D4 receptors acting through circadian regulation of the ERG and D1 receptors acting on baseline amplitude in a noncircadian manner. This differential regulation using two receptor signaling streams allows distinct control of circadian timing as well as light-adapted ERG amplitude.
Dopamine Signaling and Retinal Function
From our findings and published results, we propose that dopamine acting on dopamine D1 receptors on cone ON-bipolar/horizontal cells and dopamine D4 receptors on photoreceptor cells coordinates multiple levels of light-adapted vision. Dopamine D1 receptors have shown to be expressed on horizontal cells and cone ON-bipolar cells (Nguyen-Legros et al., 1997; Veruki and Wassle, 1996) . Our results identified D1 receptor signaling as primarily supporting two specific aspects of light-adapted vision; high acuity and ERG b-wave amplitude. An obvious speculation is that D1 receptor signaling in cone ON-bipolar cells that are involved in generating the light-adapted ERG b-wave may mediate the effects on light-adapted ERG amplitude.
D1 receptors modulate horizontal cell coupling through gap junctions in a wide range of species, including mammals and primates (He et al., 2000; Xin and Bloomfield, 1999; Zhang et al., 2011) , acting to uncouple horizontal cells, restrict current flow across their electrical synapses, and shrink their receptive fields. Although the relationship between horizontal cell receptive fields and the center-surround structure of ganglion cell receptive fields is still poorly understood, a conventional interpretation is that horizontal cells contribute to ganglion cell inhibitory surrounds (but see (Dedek et al., 2008) ). Therefore, a loss of dopamine signaling could expand horizontal cell receptive fields through increased coupling, and in turn, expand ganglion cell receptive field surrounds to shift the tuning of ganglion cell responses toward lower spatial frequencies.
In retina D4 receptors are principally concentrated in cone photoreceptors where they are known to affect cAMP metabolism, gene expression and rod-cone gap junctional coupling (Cohen et al., 1992; Jackson et al., 2011; Ribelayga et al., 2008) . They play a critical role in circadian modulation of rod-cone coupling, enhancing transmission of rod signals into cones and cone pathways in the night-phase of retinal circadian rhythms when dopamine is low (Ribelayga et al., 2008) . Increased rod-cone coupling in the absence of dopamine may shunt cone light responses into rods under rod-saturating backgrounds, reducing the light-adapted ERG b-wave. Similarly, the sharing of rod and cone signals through enhanced coupling in the absence of dopamine may reduce the CSF of ganglion cell centers, and thus dampen the overall contrast sensitivity.
In addition to dopamine, retinal melatonin is an important circadian signal in the retina that has a reciprocal and antagonistic relationship with dopamine (Nguyen-Legros et al., 1996; Tosini and Dirden, 2000) . Melatonin type 1 receptor knockout blunts the circadian rhythm in light-adapted ERG b-wave amplitude in C3H mice (Sengupta et al., 2011) without affecting levels of DA and DOPAC. Mice in our study were on the C57BL/6 background in which melatonin synthesis is minimal. Thus our results show the actions of dopamine on the lightadapted ERG b-wave response and other visual responses without any potential antagonism from melatonin. Further testing will be required to determine the mechanisms of dopaminemelatonin interactions in circadian regulation of retinal function.
In conclusion, we have described a mouse model in which retinal dopamine is selectively depleted and which reveals specific deficits in light-adapted vision. This mouse model should be useful in delineating the underlying mechanisms by which retinal dopamine reconfigures retinal circuits according to circadian time and background illumination. (F 7,98 = 3.2, p < 0.01), such that Ctrl mice had significantly higher amplitudes compared with rTHKO mice at each level of light adaptation (p < 0.007, Bonferroni-corrected alpha). The Genotype X CT interaction was not significant (F 1,57 = 0.9, p > 0.05). A main effect of CT showed a significant day/night difference during DD1 for both genotypes (F 1,57 = 20.0, p < 0.01) (B) In DD2, there was a significant twoway interaction for Genotype X CT (F 1,36 = 7.4, p < 0.01). Significant day/night differences were observed for Ctrl mice (p < 0.025, Bonferroni-corrected alpha); however, day/night differences were not observed in rTHKO mice (p > 0.025, Bonferroni-corrected alpha). (B) During DD2 similar significant main effects were observed, with a significant two-way interaction found for Genotype X CT (F 1,18 = 24.3, p < 0.01). Post-hoc analysis (Tukey HSD) revealed significant differences for the WT (circles) CT6 group vs. all other groups, including WT CT18 (p < 0.01). Also, the WT CT18 group showed greater amplitude than the D4RKO group (triangles) at either CT (p < 0.01 for both). For D4RKO mice, there was no significant difference in b-wave amplitudes between CT6 and CT18 (p > 0.05). (C) D1RKO mice retain significant circadian regulation of the light-adapted ERG as measured by two-way ANOVA (p < 0.001, n = 3-6); however, there is an apparent drop in amplitude compared with wild-type mice in other experiments. (D) A significant two-way interaction was found for Treatment Group X CT (F 1,14 = 13.9, p < 0.05). Post-hoc analysis showed a significant day/night difference for the rTHKO group treated with PD168077 (filled and open triangles; p < 0.01); however, the same genotype of mouse treated with saline displayed no difference (filled and open circles; p = 0.89). Data are represented as means ± SEM. cycles/degree (*p < 0.05; Student-Newman-Keuls, n = 4-6 mice) where significant increases were observed. (C) Injecting rTHKO mice with SKF38393 did not increase contrast sensitivity levels; however, injection of PD168077 significantly increased contrast sensitivity levels in rTHKO mice (filled triangles; *p < 0.001 at 0.064, 0.092, 0.103 cycles/ degree; Student-Newman-Keuls Method, n = 4-6 mice). (D) Visual acuity levels were lower in D1RKO mice and mice deficient in retinal dopamine, as measured by increasing spatial frequency of a sine-wave gradient, as compared to WT controls and D4RKO mice (*p = 0.002; n = 4 mice). IP injection of SKF38393 significantly increased visual acuity in rTHKO mice (**p < 0.001; Student-Newman-Keuls Method, n = 4-6 mice), while PD168077 failed to have any effect on acuity in mice lacking retinal dopamine. Data are represented as means ± STDEV.
